Drug-induced dyskinesias in dopamine-denervated animals are known to depend on both pre-and postsynaptic changes of the nigrostriatal circuitry. In lesion models used thus far, changes occur in both of these compartments and, therefore, it has not been possible to dissect the individual contribution of each compartment in the pathophysiology of dyskinesias. Here we silenced the nigrostriatal dopamine neurotransmission without affecting the anatomical integrity of the presynaptic terminals using a short-hairpin RNA-mediated knockdown of tyrosine hydroxylase enzyme (shTH). This treatment resulted in significant reduction (by about 70%) in extracellular dopamine concentration in the striatum as measured by on-line microdialysis. Under these conditions, the animals remained nondyskinetic after chronic L-DOPA treatment, whereas partial intrastriatal 6-hydoxydopamine lesioned rats with comparable reduction in extracellular dopamine levels developed dyskinesias. On the other hand, apomorphine caused moderate to severe dyskinesias in both groups. Importantly, singledose L-DOPA challenge in apomorphine-primed shTH animals failed to activate the already established abnormal postsynaptic responses. Taken together, these data provide direct evidence that the status of the presynaptic, DA releasing compartment is a critical determinant of both the induction and maintenance of L-DOPA-induced dyskinesias.
Drug-induced dyskinesias in dopamine-denervated animals are known to depend on both pre-and postsynaptic changes of the nigrostriatal circuitry. In lesion models used thus far, changes occur in both of these compartments and, therefore, it has not been possible to dissect the individual contribution of each compartment in the pathophysiology of dyskinesias. Here we silenced the nigrostriatal dopamine neurotransmission without affecting the anatomical integrity of the presynaptic terminals using a short-hairpin RNA-mediated knockdown of tyrosine hydroxylase enzyme (shTH). This treatment resulted in significant reduction (by about 70%) in extracellular dopamine concentration in the striatum as measured by on-line microdialysis. Under these conditions, the animals remained nondyskinetic after chronic L-DOPA treatment, whereas partial intrastriatal 6-hydoxydopamine lesioned rats with comparable reduction in extracellular dopamine levels developed dyskinesias. On the other hand, apomorphine caused moderate to severe dyskinesias in both groups. Importantly, singledose L-DOPA challenge in apomorphine-primed shTH animals failed to activate the already established abnormal postsynaptic responses. Taken together, these data provide direct evidence that the status of the presynaptic, DA releasing compartment is a critical determinant of both the induction and maintenance of L-DOPA-induced dyskinesias. (1) . Dyskinesias induced by L-DOPA, in particular, constitute a significant challenge that impacts a higher proportion of the treated patients with treatment duration. Essentially all patients are expected to develop dyskinesias within a decade from onset of treatment (2) . The underlying mechanisms of L-DOPA-induced dyskinesias (LIDs) are still not fully understood. Current views suggest that both presynaptic (i.e., production, storage, controlled release, and reuptake of dopamine by nigrostriatal dopaminergic neurons) and postsynaptic (i.e., status of receptors and second messenger signaling pathways in striatal neurons) components are critical in induction and maintenance of dyskinesias (3) (4) (5) . However, the destruction of the presynaptic dopamine (DA) terminals, typically obtained by administration of a specific neurotoxin in animals, and the plastic changes induced in the postsynaptic striatal neurons occur at the same time. Moreover, synaptic changes secondary to chronic drug treatment further complicate the interpretation of the observations made in studies using animal models of PD (4) (5) (6) .
The aim of this study was to tease apart the contribution of the pre-and postsynaptic compartments in the pathophysiology of LIDs in the parkinsonian brain. The abnormal response of the striatal neurons to DA receptor stimulation following chronic DA depletion could be determined solely by mechanisms intrinsic to the striatal cells or alternatively, the functional activity of the presynaptic compartment could determine whether or not L-DOPA treatment results in development of dyskinsias. We hypothesized that the response of the postsynaptic striatal neuron remains under the control of the presynaptic DA terminals even in dyskinetic animals. However, this hypothesis could not be tested using the classical neurotoxin lesion paradigms.
Recent advances in in vivo gene transfer techniques using viral vectors and targeted silencing of specific gene expression using RNA interference mechanisms have created a unique opportunity to tackle this question (7) (8) (9) (10) . Combining these two technologies provides a tool to knockdown the tyrosine hydroxylase (TH) expression, known to be the rate-limiting enzyme in synthesis of DA, selectively in the nigrostriatal projection system (11, 12) . Here, we have expressed a short-hairpin RNA-mediated TH knockdown construct (shTH) using a recombinant adeno-associated virus carrying AAV5 capsid protein (rAAV5). In this model, the DA synthesis machinery is functionally silenced in a targeted manner in nigral DA neurons, whereas the structural integrity of the cells and their terminals are maintained (12) . This unique experimental system allowed us to explore the specific contribution of the presynaptic compartment in the induction and maintenance of LIDs.
Results
To provide conclusive data to prove or dispute the hypothesis, we first investigated whether two critical conditions were met following rAAV5-mediated shTH expression: (i) the structural integrity of the nigral DA neurons and their terminals needed to be maintained such that DA stores in these cells could be replenished by peripheral L-DOPA supplement; and (ii) under baseline conditions, extracellular DA levels in vivo had to be at subphysiological levels such that the postsynaptic cells would develop supersensitivity to direct DA receptor stimulation. Thus, we first tested the validity of these conditions.
Long-Term rAAV5-Mediated shTH Expression in Nigral DA Neurons
Leads to a Functional Knockdown of DA Input in the Striatum. We verified the transduction efficacy and the specific TH knockdown by performing triple immunohistochemical staining against the DAergic markers TH and vesicular monoamine transporter-2 (VMAT2) as well as the GFP marker protein coexpressed by rAAV5-shTH and rAAV5-shTHscr vector constructs (Fig. S1 ). Injection of rAAV5 vectors encoding for both shTH and shTHscr resulted in expression of the transgene in vast majority of the cells. shTH expression led to specific down-regulation of the TH protein, whereas in the shTHscr group all three proteins were coexpressed in the DAergic neurons.
We confirmed the maintenance of long-term down-regulation of TH expression in the nigral DAergic neurons in the absence of any structural damage using two sets of tools. First, at the histological level, we quantified the numbers of TH and VMAT2-positive cells in the substantia nigra pars compacta (SN) and the density of fiber innervation in the striatum. Estimation of the total number of nigral DAergic cells using stereological techniques showed that the TH-and VMAT2-positive cell population in the SN remained unchanged in the intact and shTHscr groups ( Fig. 1 A, B , E, F, and I). As expected, the 6-OHDA lesion led to 88.0 ± 5.2% and 86.3 ± 3.6% decrease in TH-and VMAT2-positive cells in the SN, respectively (Fig. 1 D and H) . In the shTH group, on the other hand, there was a 64.6 ± 7.7% reduction in TH-positive cells, whereas the VMAT2-positive neuron counts were not different from the normal controls confirming that the DAergic cells that no longer expressed the TH enzyme remained viable throughout the experiment (Fig. 1 C and G) .
At the striatal terminal level, TH and VMAT2 fiber densities in the two control groups were not different between the two sides of the brain (Fig. 1 J, K, N , O, and R). There was a clear loss of both the TH-and VMAT2-positive fibers on the lesioned side in the 6-OHDA lesioned rats. Reduction in the fiber density in this group was 83.4 ± 6.5% and 74.9 ± 7.3% compared with the uninjected control side in TH and VMAT2 stained sections, respectively ( Fig. 1 M and Q) . The dissociation between the two markers was obvious in the shTH-expressing rats ( Fig. 1 L and P) , as TH-positive fiber density was reduced by 56.7 ± 9.8%, whereas VMAT2-positive fiber density remained unchanged (Fig. 1R) .
The second set of analysis was carried out at the biochemical level. Striatal samples from each group were processed for HPLC analysis to measure the tissue content of DA, serotonin (5-HT), and their metabolites under baseline conditions, and in separate animals, after L-DOPA treatment (Fig. 2) . The levels of DA on the uninjected side of the brain were not significantly different in any group, nor were they modified by L-DOPA treatment ( Fig. 2A) . On the injected side, however, DA levels in the shTH and 6-OHDA groups were lower than the control groups. Only in the shTH group, L-DOPA administration resulted in significant reconstitution of DA levels. In fact, after L-DOPA treatment, the values were no longer different from controls providing evidence that complete reconstitution of DA stores were possible in the shTH treated animals. On the other hand, in the 6-OHDA group, where the terminals were structurally damaged and removed, this capacity was lost (Fig. 2B) . Moreover, in the 6-OHDA, but not in the shTH group, DA turnover rates were abnormally high (Fig. 2C) . 5-HT turnover was not modified in any of the groups illustrating that the changes in the DA system were specific (Fig. 2D) . Complete list of all biochemical analysis is given in Tables S1-S4. rAAV5-Mediated Knockdown Leads to a Significant Decrease in the Extracellular DA Levels in the Striatum. To test the validity of the second assumption, i.e., that the extracellular DA concentration in the shTH group in vivo would be reduced, we performed a microdialysis experiment using an online HPLC system with high sensitivity (design illustrated in Fig. S2 ). Using this system, we analyzed the extracellular DA and DOPA content in the striatum by using a three-phase microdialysis protocol. In phase I, we monitored the extracellular DA concentrations under baseline conditions ( Fig. 3A) , and found that they were reduced by 69.6 ± 8.2% and 57.7 ± 12.5% in the shTH and 6-OHDA groups, respectively (Fig. 3B ). This suggested that, although the DA loss in the two experimental treatment groups is mechanistically different from each other, at the functional level, the extracellular DA depletion as measured by microdialysis were comparable. In phase II, we applied high concentration of KCl in dialysate and found that the readily releasable pool of DA was reduced by 69.4 ± 7.0% and 94.5 ± 0.3% in the shTH and 6-OHDA groups, respectively (Fig. 3C) . In phase III, we inhibited the aromatic acid decarboxylase (AADC) enzyme in the brain by administering 3-hydroxybenzylhydrazine dihydrochloride (NSD-1015; 100 mg/kg i.p. injection) and monitored the in vivo build-up of DOPA in the striatum. Inhibition of the AADC enzyme led to accumulation of DOPA in all groups. However, the
Long-term down-regulation of TH by rAAV-mediated shRNA expression in the SN and striatum. Both TH and VMAT2 phenotypic markers were maintained at normal levels (intact; A, E, J, and N) after expression of scrambled control sequence (shTHscr; B, F, K, and O), whereas in the active knockdown group (shTH), TH protein was selectively reduced in the cell bodies (C) and at the fiber terminals (L), whereas the VMAT2 expression remained unchanged (G and P) In the 6-OHDA lesioned rats, on the other hand, neurodegeneration in the SN was accompanied with loss of both TH (D and M) and VMAT2 (H and Q) immunostaining. The magnitude and specificity of the down-regulation in TH enzyme is shown by stereological quantification of TH and VMAT2-positive cell numbers in the SN (I) and semiquantitative optical densitometry measurements in the striatum (R). Data are analyzed by two way factorial ANOVA [I, group vs. phenotypic marker effect F(7,27) = 16.497, P < 0.0001; R, group vs. phenotypic marker effect F(7,27) = 26.841, P < 0.0001], followed by Tukey's HSD post hoc. Error bars represent ± SEM. *Different from intact and shTHscr control group within the same phenotypic marker; + TH-positive cells or fiber density different from the corresponding VMAT2-positive cells or fiber density in the same group. [Scale bars, 50 μm (in H for A-H) and 100 μm (in Q for J-Q).] rate was significantly decreased in shTH and 6-OHDA groups (71.4 ± 1.0% and 87.2 ± 0.5%, respectively; Fig. 3 D and E).
Primed Striatal Neurons in Dyskinetic Rats Remain Responsive to Normal
Modulation of Activity by DA Released from DAergic Terminals. The results of the biochemical analysis provided evidence that both assumptions held true in this experimental setting and thus allowed us to test the hypothesis that striatal neurons would remain responsive to modulation by DA terminals even after maladaptive plasticity had developed.
We addressed this issue in two consecutive steps. First, as the biochemical data suggested that shTH expressing rats had a very good buffering capacity for handling the newly synthesized DA upon exogenous L-DOPA administration, we expected that these animals would be resistant to develop dyskinesias despite chronic treatment with L-DOPA. The experimental results supported this view. L-DOPA treatment was carried out so that the animals received daily injections in an escalating dose regimen of 6, 12, and 24 mg/kg s.c. over a 3-wk treatment period. As expected, the 6-OHDA lesioned rats gradually developed dyskinesias in a time and dose dependent manner, as measured using a well established abnormal involuntary movements (AIMs) scale (Fig. 4A) (13, 14) . On the other hand, the shTH group remained similar to the control groups and did not show any abnormal movements throughout the 3-wk testing period. Conversely, as the extracellular DA levels were reduced in both shTH and 6-OHDA treated rats, we expected that both groups would be sensitive to treatment with apomorphine, a direct D1/D2 receptor agonist, targeting the postsynaptic site. This was indeed the case. Apomorphine treatment was given at escalating doses (0.1, 0.2, and 0.5 mg/kg) over three 5-d blocks. During this treatment period not only the 6-OHDA-lesioned rats, but also the shTH group, developed dyskinesias upon apomorphine treatment, albeit at different severities, whereas control groups did not exhibit any AIMs (Fig.  4B ). In the shTH treated rats orolingual dyskinesias and axial dystonia were the predominant manifestations, whereas 6-OHDA lesioned animals displayed high frequency and severity of dyskinesias of all three components, involving also the abnormal limb movements. Both groups of animals developed similar level of locomotive dyskinesia, seen as full body rotation (Fig. S3) .
These results led us to the second step where, after 15 d of apomorphine injections, we administered a single high dose of L-DOPA (24 mg/kg) in a subset of animals. In this scenario, both the shTH and 6-OHDA treated rats had been primed with apomorphine and displayed clear dyskinetic behaviors. As expected, in the 6-OHDA group, all of the animals responded to L-DOPA with equally severe dyskinesias, whereas in the shTH group no abnormal behaviors were seen (Fig. 4C) . The shTH expressing remained indistinguishable from both the intact and shTHscr treated control animals during the entire observation period of 150 min after the drug administration.
To generate the final data to support the hypothesis, we analyzed the immediate early gene expression in the striatum of all animals that received both drug treatments. For this purpose the striatal sections were immunostained using antibodies against FosB (to illustrate the effect of the chronic drug treatment) and against c-Fos (to illustrate the effect of the acute drug challenge on the last day), and quantified the numbers of immunopositive cells for each marker in the lateral, central, and medial striatum separately (the placement of regions of interest are shown in Fig. S4 ). Chronic L-DOPA treatment resulted in an increased number of FosB-positive nuclei in the 6-OHDA lesioned animals, which was most prominent in the central and lateral striatum (Fig. 5 C and D; quantified in A). We did not observe any significant FosB induction in the shTH group (Fig. 5 E-G) , supporting the observations at the behavioral level, nor did we see FosB induction in intact and shTHscr control groups following chronic L-DOPA treatment (Fig. 5A) . Chronic apomorphine treatment, on the other hand, led to increased FosB-positive cells both in 6-OHDA and shTH, but not in the control groups (Fig. 5H ). In the 6-OHDA group, the induction was almost exclusively in the lateral striatum (Fig. 5 , compare K with I and J), whereas in the shTH treated rats, the FosB-positive cells were mostly in the medial and central areas (Fig. 5 , compare L, M, and N). A single 24-mg/kg L-DOPA injection after chronic apomorphine treatment led to a comparable level of induction of c-Fos in the 6-OHDA group (Fig. 5 Q and R; quantified in O), whereas in the shTH group, no acute c-Fos induction was seen after L-DOPA treatment (Fig. 5 S-U) . This observation constituted the final piece of evidence showing that presynaptic DA terminals could retain the functional control of the postsynaptic striatal neurons even after the establishment of dysplastic changes in these neurons.
Discussion
This study was designed to address a critical yet unanswered question regarding the relative contribution of the pre-and postsynaptic compartments in induction and maintenance of druginduced dyskinesias in PD. The difficulty in assessing the impact of a single compartment on the occurrence of motor complications originates from the inability to dissociate changes induced by each compartment independently (15) . Thus the novelty of our current approach was to use viral vector-mediated long-term shRNA expression to functionally knockdown DA synthesis, without destruction of the presynaptic terminals. As the manipulation is unilateral and involves only the nigral DA neurons, these rats eat and drink normally and maintain a normal general health status. Using this experimental model, we showed that chronic stimulation of the postsynaptic DA receptors by a direct D1/D2 agonist (apomorphine) induced dyskinesias, whereas administration of L-DOPA failed to induce any abnormal movements. Moreover, rats that have been already primed with apomorphine treatment did not display any dyskinesias upon an acute high dose challenge with L-DOPA. These behavioral observations were correlated with immediate early gene activation seen in the respective groups. Taken together, in the present model where the structural integrity of the DA terminals is maintained, the response of the postsynaptic striatal neurons to stimulation of DA receptors was strictly controlled by the presynaptic activity. Thus, it appears from our data that the state of the presynaptic machinery is a critical determinant of the induction and maintenance of the LIDs.
Experimental studies have thus far focused on changes that occur at the postsynaptic site as the leading mechanism for induction and maintenance of dyskinesias. The data supporting this view argue that upon lesion of DAergic input to the striatum, and following treatment with L-DOPA or direct DA-agonists, striatal neurons undergo dysplastic changes (16) . Alterations in postsynaptic DA receptors on striatal neurons have been formulated as denervation supersensitivity (17) (18) (19) . Additionally there are also changes in the activity of other neurotransmitter systems such as glutamate, 5-HT, acetylcholine, and adenosine (16, (20) (21) (22) (23) . It is thought that the changes at the receptor level cause further modification of downstream cascades including second messenger systems and signaling pathways (3, 24) . Based on the structural and functional changes described above, it has been argued that postsynaptic mechanisms are critical for the development of dyskinesias in PD.
The alternative view emphasizes the importance of the presynaptic compartment in the pathophysiology of motor complications following chronic L-DOPA treatment and is primarily based on observations in PD patients. In vivo PET studies comparing PD patients with and without dyskinesias did not reveal any specific changes in either D1 or D2 receptor binding potentials (25, 26) . Furthermore, in a recent PET study it has been shown that PD patients with dyskinesias have reduced DA transporter expression, supporting the role of presynaptic alterations in the appearance of dyskinesias (27) . Finally, clinical observations from DOPA-responsive dystonia show that, despite the fact that these patients have similar levels of striatal DA depletion, dyskinesias do not occur even after long-term (essentially life-long) L-DOPA treatment (28, 29) . As these patients do not develop DA neurodegeneration, it appears that under conditions when the presynaptic DA compartment is structurally intact, dysplastic changes in the postsynaptic striatal neurons do not lead to development of motor complications. Thus, proponents of the so-called "presynaptic hypothesis of dyskinesias" argue that the postsynaptic plastic changes are secondary, rather than causally linked to LIDs (4).
The unregulated DA production and release via alternative routes following degeneration of the nigrostriatal neurons provide further evidence for the critical role of a functionally intact presynaptic DA terminals in the development of the LIDs. In the parkinsonian brain, as the presynaptic DAergic neurodegeneration progresses, other cell types start to take part in handling exogenously administered L-DOPA and its conversion to DA. In particular, 5-HT cells are known to play a critical role. These cells contain the enzymes AADC and VMAT2 and therefore possess not only the capability to convert L-DOPA to DA but also store it in synaptic vesicles as a false neurotransmitter (30) . However, because they do not express D2 autoreceptors and DA transporter, which are essential for the normal autoregulatory feedback control of DA release from the presynaptic terminal, their activity leads to uncontrolled swings in extracellular DA concentrations (31) . Importantly, it has been recently shown that DA released from 5-HT terminals was responsible for the appearance of LIDs in parkinsonian rats (32) . Furthermore, either a lesion of 5-HT system by specific toxins, or pharmacological silencing of these neurons by selective 5-HT1A and 5-HT1B agonists dramatically reduced or even completely abolished LIDs in 6-OHDA le-A B C Fig. 4 . Induction of dyskinesias by daily L-DOPA and apomorphine treatment using a dose-escalation regimen. In A and B the error bars show 75% percentiles, whereas in C box plots mark the 50% percentiles and the whiskers indicate 95% percentiles. Statistical comparisons in A and B were performed using Friedman test, time effect P < 0.0001, group effect P < 0.0001. Individual comparisons in A, B, and C were performed by Kolmogorov-Smirnov test and P values were compensated for false discovery rates. *Different from intact and shTHscr controls.
sioned rats and MPTP-treated monkeys (33) . These studies point to the deterministic role of the presynaptic DA releasing compartment on the occurrence of dyskinesias.
To compare the pathophysiological mechanisms of dyskinesias, we used two different experimental models. On one hand, the TH knockdown approach allowed us to generate a functional presynaptic DA depletion creating an isolated postsynaptic dysfunction. On the other hand, the 6-OHDA lesion model, which disrupted DAergic input structurally, led to a combined pre-and postsynaptic dysfunction. The validity of the comparison, however, depends on the assumption that the presence of DAergic neuronal death is the main difference between these two conditions. The preserved release of factors from the DA neurons and terminals (e.g., BDNF and glutamate) in the shTH group might, however, contribute to the behavior seen in TH knockdown animals. In addition, there is evidence to suggest that structural destruction of the DA terminals can generate changes in postsynaptic neurons, which involves modifications of spine morphology and distribution, as well as alterations in synapse structure and changes in electrophysiological and electrochemical properties of the cells (34) (35) (36) (37) . It is not clear, at this point, if the shRNA expression that silence DA production chronically results in development of similar changes over time. Nevertheless, some of the changes that are seen in 6-OHDA lesioned rats such as the reduction in spine numbers and alterations in miniature excitatory postsynaptic currents in medium spiny neurons have been shown to occur in reserpinized rats, which leads to DA depletion that last several days or weeks (38) (39) (40) . In our experiments all behavioral tests were carried out 6-8 mo after transduction, which argues that such secondary modifications should have taken place at the time of analysis.
Finally, strong evidence supporting the presynaptic hypothesis comes from transplantation studies. In animal models of PD, embryonic ventral mesencephalon rich in DA neurons results in reconstitution of the DA terminal network capable of restoring feedback-controlled release of DA in the striatum (41) . Importantly DA cell rich grafts have been shown to improve LIDs in these animals (42) . On the contrary, transplantation of 5-HT neurons, which cannot release DA in a regulated fashion, worsens the dyskinetic side effects of L-DOPA medication (43, 44) . It is probable that the worsening of dyskinesias in grafted patients might be a consequence of abnormal DA handling in the presynaptic com- partment(s) possibly due to presence of serotonin neurons in the graft and/or ongoing inflammatory processes in the host brain (45) .
In conclusion, by using a model system allowing us to functionally deplete striatal DA while maintaining the structural integrity of the presynaptic compartment, we have shown that postsynaptic plastic changes caused by DA receptor stimulation occur as a consequence of the lack of DA and do not require structural damage to the presynaptic DAergic terminals (46) . Importantly, although dyskinesias may be elicited as a function of the intrinsic cellular changes of the postsynaptic compartment, the striatal neurons respond normally to regulated DA release from an adequate presynaptic compartment. These observations have implications for the interpretation of the concept of priming and support the view that this phenomenon may be the direct consequence of loss of DA while essentially nonphysiological DAergic pharmacotherapy merely unravels this behavior. Reconstitution of the DA machinery by cell-or gene-based therapies can reverse or even prevent development of L-DOPA-induced dyskinesias in PD patients.
Methods
A total of 117 young female Sprague-Dawley rats were used for rAAV5 vector injections and 3 × 7 μg striatal 6-OHDA lesions. rAAV5 vector constructs carried either a functional shRNA coding sequence to knockdown TH enzyme (shTH) or the scrambled sequence as shRNA control. Moreover a GFP marker protein was encoded under the control of a chicken-β-actin promoter. The efficacy of the viral transduction in the nigral DA neurons was confirmed by triple immunohistochemistry on coronal sections. The down-regulation of TH and cell survival in the nigra were assessed by unbiased stereological quantification method based on optical fractionator principle on histological sections stained for TH and VMAT2. The extracellular monoamine and metabolite levels were measured using online microdialysis and the tissue levels of DA, 5-HT, and metabolites were assessed using HPLC. A subset of animals received chronic injections of apomorphine (s.c. 0.1-0.5 mg/kg) or L-DOPA (s.c. 6-24 mg/kg, plus 10mg/kg benserozide) and the development of abnormal involuntary movements were scored. Induction of immediate-early genes in the striatum after chronic and acute L-DOPA or apomorphine treatment were analyzed by quantifying the FosB or c-Fos positive nuclei on histology specimens using image analysis. These animals were perfused 2 h following the final drug injections. Detailed information on the experimental group design and procedures can be found in the SI Methods.
